The dopamine systems of the brain powerfully influence movement and motivation. We demonstrate that striatonigral fibers originating in striosomes form highly unusual bouquet-like arborizations that target bundles of ventrally extending dopamine-containing dendrites and clusters of their parent nigral cell bodies. Retrograde tracing showed that these clustered cell bodies in turn project to the striatum as part of the classic nigrostriatal pathway. Thus, these striosome-dendron formations, here termed "striosome-dendron bouquets," likely represent subsystems with the nigro-striato-nigral loop that are affected in human disorders including Parkinson's disease. Within the bouquets, expansion microscopy resolved many individual striosomal fibers tightly intertwined with the dopamine-containing dendrites and also with afferents labeled by glutamatergic, GABAergic, and cholinergic markers and markers for astrocytic cells and fibers and connexin 43 puncta. We suggest that the striosome-dendron bouquets form specialized integrative units within the dopamine-containing nigral system. Given evidence that striosomes receive input from cortical regions related to the control of mood and motivation and that they link functionally to reinforcement and decision-making, the striosome-dendron bouquets could be critical to dopamine-related function in health and disease.
The dopamine systems of the brain powerfully influence movement and motivation. We demonstrate that striatonigral fibers originating in striosomes form highly unusual bouquet-like arborizations that target bundles of ventrally extending dopamine-containing dendrites and clusters of their parent nigral cell bodies. Retrograde tracing showed that these clustered cell bodies in turn project to the striatum as part of the classic nigrostriatal pathway. Thus, these striosome-dendron formations, here termed "striosome-dendron bouquets," likely represent subsystems with the nigro-striato-nigral loop that are affected in human disorders including Parkinson's disease. Within the bouquets, expansion microscopy resolved many individual striosomal fibers tightly intertwined with the dopamine-containing dendrites and also with afferents labeled by glutamatergic, GABAergic, and cholinergic markers and markers for astrocytic cells and fibers and connexin 43 puncta. We suggest that the striosome-dendron bouquets form specialized integrative units within the dopamine-containing nigral system. Given evidence that striosomes receive input from cortical regions related to the control of mood and motivation and that they link functionally to reinforcement and decision-making, the striosome-dendron bouquets could be critical to dopamine-related function in health and disease.
dopamine | striosome | striatum | expansion microscopy T he dopamine-containing nigrostriatal pathway is centrally implicated in the modulation of movement, motivation, and reinforcement-based learning, and its progressive degeneration is a hallmark of Parkinson's disease. A reciprocal striatonigral pathway, returning to the dopamine-containing neurons of the substantia nigra pars compacta (SNc), is thought to regulate the activity of the dopamine-containing SNc neurons, potentially affecting nigrostriatal tract function as well as local dopamine release from ventrally extending dendrites of SNc neurons (1) . Strikingly, this striatonigral pathway has been shown to originate mainly from the striosomal compartment (also known as "patches") of the striatum (2-4). These findings suggest that the classic nigro-striato-nigral loop directly incorporates the striosomal system of the striatum.
This possibility is of great interest, because striosomes are in a position to modulate and transmit signals to the SNc from limbic regions of the neocortex that are known to be dysregulated in mood disorders in humans (5, 6) . Despite much experimental work, however, the fundamental architecture of striosomal fiber arborizations within the substantia nigra (SN) and their relation to the recipient dopamine-containing neurons has remained unknown. We used protein-retention expansion microscopy (ProExM) (7) and confocal imaging to resolve these terminal domains in relation to dopamine transporter (DAT)-labeled dopamine-containing elements of the SNc in three lines of mice engineered to express fluorescent tags preferentially in striosomal neurons ( Fig. 1 A-F and Fig. S1 A-C) . We compared these patterns with the patterns found in a line with matrix-predominant fluorophore expression ( Fig. 1 G-I) (8-11 ). For convenience, we refer to these mouse lines as the "striosome" and "matrix" lines, but we recognize that none is fully restricted to a single compartment and that selectivity for striosomes is regional.
Results

Striosome-Reporter Mice Display Entwined Striosomal Fibers and
Dopamine-Containing Dendrites in the SN. In each striosome line, fluorophore-labeled putative striosomal axons were aligned along and were intertwined with ventrally extending dendrites collected into prominent bundles (here termed "dendrons") emerging from clusters of ventrally situated dopamine-containing cell bodies ( Fig. 1 J-O and Fig. S1 D-F) . By contrast, the matrix-enriched mouse line exhibited enriched fluorophor labeling in the surrounding substantia nigra pars reticulata (SNr) (Fig. 1 P-R) . Together, the striosomal innervation and innervated nigral dendrons had the appearance of a bouquet whose flowers are the clustered dopamine-containing cell bodies and whose stems are made up of tightly entwined fibers and dendrites ( Fig. 2 A and B) .
With ProExM tissue expansion and imaging, we resolved the intimate arrangement of the striosomal axons and dopaminergic processes within the dendrons (Fig. 2 C-F and Fig. S2 ). In the striosome lines P172-mCitrine and Sepw1-Cre NP67 with the Ai14 reporter (9), the proportion of striosomal fibers to
Significance
The dopamine-containing nigrostriatal system and its return striatonigral pathway form a loop-circuit crucial for the functions of dopamine in modulating movement and mood. Here we identify a specialized subsystem within this loop. With new mouse models and tissue expansion to allow nanoscale imaging, we demonstrate that striatonigral fibers originating in striosomes form bouquet-like arborizations innervating clusters of dopamine-containing neurons and their ventrally extending, tightly bundled dendrites. Within these formations (termed "striosome-dendron bouquets"), striosomal axons and dopamine-containing dendrites are intimately intertwined, as are other afferent and glial elements. The stunning selectivity of striosomal output to the bouquets suggests that the bouquets could exert powerful and focused control over elements of the dopamine system in normal and abnormal states.
dopamine-containing fibers appeared to be highest in the ventral portions of the dendron (Fig. 2 C-F and Fig. S1 D-F) . The striosome-dendron bouquets included up to dozens of DATpositive dendrites and as many striosomal axons.
Markers for GABAergic, Glutamatergic, Cholinergic, and Astrocytic Transmission Are Present Within the Striosome-Dendron Bouquet.
We tested for the expression of a series of neurotransmission markers in these striosome-dendron formations. We found immunolabeling for GAD65/67, a presynaptic marker for GABAergic signaling (Fig. 3 A and B) , as well as for VGluT2, a presynaptic marker for glutamatergic signaling (Fig. 3 C and D) . The expression of the D2 receptor (D2R) reporter ( Fig. 3 E and F) and μ-opioid receptor (Fig. 3 E and G) was high, presumably because of D2 autoreceptor expression in dopamine-containing neurons and μ-opioid receptor expression in striosomal projection neurons. Expression of D1 receptor (D1R) reporters was visible in the neuropil of the SNr and, albeit somewhat more weakly, along and within the dendrons (Fig. 3 E and H and Fig. S3 A-C), as tested in D2-GFP;D1-tdTomato double-transgenic and D1-GFP BAC reporter mouse lines (8, 12) , indicating that D1-positive striatal projection neurons project to the dendrons but are not enriched there relative to the surrounding SNr. Evidence that the D1-positive inputs to the dendrons were from striosomes was obtained by ProExM in a striosome-mCitrine;D1-tdTomato double-transgenic mouse in which striosome reporter-positive fibers were double-labeled for the D1 reporter (Fig. S3 D-L) . ProExM further allowed resolution of striosome-mCitrine reporterlabeled contacts, potentially synaptic, juxtaposed to DAT-positive dopamine-containing processes (Fig. 3I) . We detected cholinergic axons and putative terminals within the dendron formations in both ChAT-Cre-Ai32 (13, 14) knock-in mice (Fig. 3J, Figs. S4 A-I and S5, and Movie S1) and ChAT-ChR2-EYFP BAC transgenic mice (15) (Fig. S4 J-L) . Astrocytes and their processes, labeled for GFAP and connexin 43, were displayed at similar densities within the striosomedendron bouquets and the surrounding SNr (Fig. 3 K and L and Striosome-dendron bouquets were evident across the mediallateral axis of the SN in all striosome lines, despite their different striosome-favoring striatal gradients and different labeling patterns elsewhere. This commonality suggests that striosomal inputs to the dendrons could allow region-selective striatonigral modulation while subserving common higher-order functions because of the similarity in their terminal arborizations. We did not, however, interrogate the entire striosomal system or its internal gradients and bicompartmental patterns (17) . We confirmed (3) that, in the posterior SNc, striosomal axons deep in the SNr arborized near clusters of dopamine-containing neurons and ventrally extending processes (Fig. S7) ; these ventral neurons point to further potential sites of striatonigral input from striosomes.
Nigral Dopamine-Containing Neurons with Dendrons Project to the Dorsal Striatum. Building on prior studies (2-4), with ProExM we were able to resolve both striosome-derived inputs and other afferent fiber systems tightly comingling with the bundled dendrites of the bouquets, suggesting rich synaptic and potentially nonsynaptic interactions within the bouquets and indicating that the bouquets could form relatively discrete integrative units within the dopaminecontaining nigral system as a whole. Moreover, we found that these clusters of dopamine-containing cell bodies in the bouquets project to the dorsal striatum, as evidenced by their retrograde labeling in DAT-Cre mice intrastriatally injected with viral vectors carrying a Cre-dependent transgene, as were the dopamine-containing neurons clustered deep within the SNr (Fig. 4 and Fig. S8 ). In DATCre mice (18) , expression of the virally introduced transgene (GCaMP6, detected with an antibody against GFP) was restricted to DAT-positive neurons that project to the site of viral injection (the dorsal striatum). 
Discussion
The dopamine-containing neurons of the SN receive inputs from multiple sources, as befits their pivotal position in modulating many forms of behavior (19) (20) (21) . Striatonigral inputs are reported to exert direct inhibition over nigral dopamine-containing neurons (22) . The ventrally extending dendrites of these nigral neurons are reported to release dopamine (1), resulting in negative modulation of the dopamine-containing neurons via D2Rs and positive modulation of D1R-bearing terminals that inhibit GABAergic neurons of the nigral complex (23) . The ventrally extending dendrites in particular have been suggested to mediate inhibition of dopamine cell firing in response to aversive stimuli (24) . If striosomal afferents of the striosome-dendron bouquets affect dopamine release in the SNr, they could regulate the movement-related and motivational functions of the SNr. The tight bundling of GABAergic, glutamatergic, cholinergic, and astrocytic processes within the bouquets further suggests that these inputs could exert combinatorial control over the spike timing of the subclusters of nigral neurons within the bouquets.
The striosomal system and its corticostriatal afferent circuits have been implicated in reinforcement-related functions, including conflict decision-making (6), perhaps by acting as responsibility signals (25) indicating state value (26) . Striosomes are reported to be differentially affected in clinical conditions ranging from Huntington's disease and Parkinson's disease to addictive states (27) . The unique configuration of striosomal projections to the striosome-dendron bouquets shown here could prove to be a critical determinant of nigro-striato-nigral loop function.
Potential Functional Effects of the Striosome-Dendron Circuit. There is still uncertainty about how distant and local afferents might control local dopamine release by the ventrally extending dendrites of SNc neurons. Given the mounting evidence for GABA release by dopaminergic neurons (28) , further effects beyond control of dopamine release could be predicted, either locally or within regions innervated by SNc neurons. Moreover, axons originating from striosomal neurons have collaterals, at least in rodents, that innervate the pallidum (globus pallidus and/or entopeduncular nucleus), again suggesting the potential for widespread effects of the striosomal system (3). This span, as well as the direct targeting of dopamine-containing neurons of the bouquets by striosomal neurons, could account for the strikingly large effects that manipulation of the dorsomedial striosomal system has on many aspects of behavior, from deliberative action selection (29, 30) , to drug-induced stereotypy (31, 32) , to decision-making under conflict conditions (6) . Misgeld and coworkers (23) have suggested that dopamine released locally in the SN can "reinforce D1R mediated activation of striatal projection neurons that inhibit the inhibitory output neurons of the basal ganglia in the substantia nigra." This scenario would potentially cast the striosomes and the striosome-dendron bouquets as regulating release functions of the nigro-striato-nigral system, possibly via control of the dopamine dendrites. If so, this regulation would suggest a particularly interesting but still hypothetical way for mood-and affect-related signals, via striosomes and their projections to the bouquets, to affect responses to external or internal cues.
Cholinergic Input to the Striosome-Dendron Bouquets. A striking finding of this study is that cholinergic fibers, as detected in two different mouse lines engineered to allow their detection, participate in the striosome-dendron bouquets. This evidence builds on prior descriptions of a cholinergic synaptic input to the SNc (33) and extends this evidence by showing that some of these cholinergic fibers target the striosome-dendron bouquets. Much evidence suggests that cholinergic interneurons in the striatum can exert powerful control over the intrastriatal release of dopamine (34, 35) . We have noted that these cholinergic interneurons, although having predominant distributions at the striosome-matrix compartment borders (36), send many fine fibers into the striosomes (37, 38) . By contrast, cholinergic inputs from the brainstem pedunculopontine nucleus (PPN) preferentially innervate the matrix (39) . The PPN innervation of the midbrain (40-42) has been found to regulate locomotor-and aversion-related subcircuits within the SNc and ventral tegmental area, respectively (42, 43) , and dopaminecontaining nigral neurons express nicotinic and muscarinic acetylcholine receptors (34, 35, 44, 45) and receive synaptic contacts from cholinergic neurons (33) . Our findings suggest that the striosome-dendron bouquets also could be important The Nigro-Striato-Nigral Loop. The dopamine-containing cell bodies of the bouquets are in spaced clusters and lie within a tier of densely packed nigral neurons that lies just dorsal to the SNr. To test whether these nigral neurons project to the dorsal striatum, we injected the dorsal striatum of DAT-Cre mice with adenoassociated virus 9 (AVV9) carrying the transgene GCaMP6, which encodes a green-fluorescent molecule that we detected with anti-GFP antibody, driven by the cytomegalovirus enhancer-chicken beta-actin promoter (CAG), and which is expressed only after Cremediated flip-excision of the Flex cassette. This transgene construct is termed CAG-Flex-GCaMP6m. With these injections, we identified retrogradely labeled SNc neurons that contribute to the striosome-dendron bouquets, as well as DAT-positive cells dorsal to the cell clusters and deeply situated cells of posterior cell clusters. This set of observations suggests that the groups of dopamine-containing bouquet cells that are targeted by the striosomes represent not only specialized components of the striatonigral circuit but also specialized components of the nigrostriatal circuit. Accordingly, signal integration in the striosome-dendron bouquets might regulate dopamine release in the dorsal striatum directly as well as indirectly.
We were unable in these experiments to determine the degree to which these two circuits formed closed loops. Following the intrastriatal viral tracer injections, we observed a patchy pattern of infected striatal neuropil (presumably dopaminergic) and confirmed this preferential labeling to be in striosomes, including the most lateral striosomal feature that curves along the lateral border of the caudoputamen (the so-called "subcallosal streak"). The streak is known to project to dopamine-containing neurons that lie deep in the posterior SNr (3), possibly corresponding to the posterior cell cluster that we identified as projecting back to the dorsal striatum.
The preferential striosome labeling observed in our DAT-Cre retrograde labeling experiments could reflect preferred viral infection or transgene expression in dopaminergic neurons that innervate the striosomes. Alternatively, the neuropil density from infected neurons might be higher in the striosomes than in the surrounding matrix. It is reported that individual dopamine-containing neurons that lie ventrally or along the SNc/SNr border, which given our findings likely include neurons that form the dendrons of the striosome-dendron bouquets, target both striatal compartments, with a notable preference for striosomes (48) (49) (50) .
Nigral sections from all mice with intrastriatal injections of AAV9 carrying CAG-Flex-GCaMP6m, whether medially or laterally placed (see Materials and Methods for coordinates), exhibited DATCre-mediated GCaMP6 expression in the dopamine-containing dendrons and their parent neurons of the bouquets as well as in dopamine-containing neurons located along the dopamine-containing dendrons and the putative posterior cell cluster. Dopamine release and activity in the striosomes and matrix are differentially regulated, including by psychomotor stimulants (31, (51) (52) (53) ; whether such control is related to input from the dopamine cell clusters and dendrons of the bouquets remains to be investigated.
Potential Relevance to Parkinson's Disease. In a mouse developmental model of Parkinson's disease (Pitx3 ak/ak mice), degeneration occurs in a subpopulation of ventrally situated SNc neurons negative for the calcium-binding protein calbindin-D28k (54) . Postmortem studies of the human brain have found clusters of neurons (nigrosomes) that are calbindin poor, and in the brains of individuals diagnosed as having Parkinson's disease these nigrosomes are lost in a particular order, apparently according to progressive stages of the disease (55, 56) . It will be of great interest to learn how these clustered formations relate to the cell clusters of the striosome-dendron bouquets.
Materials and Methods
Animals. The Committee on Animal Care at the Massachusetts Institute of Technology approved all experimental protocols for work with mice. Male and female mice were given free access to food and water and were maintained on a 12/12-h light/dark cycle (light on at 7:00 AM). All mice were hemizygous or heterozygous. Mice were genotyped for GFP, tdRFP, YFP, and gene-specific BAC constructs by Transnetyx, Inc. P172 mice were used at age 3.5-5.5 wk because of age-dependent silencing of the transgene. The other mice were evaluated at age 8-16 wk, except for three of the six DAT-Cre mice, which were evaluated at age 1.8 y. The genotypes and genetic backgrounds of the mice are listed in Table S1 .
Perfusion. Mice were deeply anesthetized with an overdose of Euthasol (Virbac AH Inc.; pentobarbital sodium and phenytoin sodium) and then were perfused with 0.9% saline, followed by 4% (wt/vol) paraformaldehyde in 0.1 M NaKPO 4 buffer. Brains then were removed from the calvarium, postfixed for 90 min, stored in 25% (vol/vol) glycerol sinking solution overnight, and cut into transverse 30-μm sections on a freezing microtome. Sections were stored in 0.1% sodium azide in 0.1 M phosphate buffer solution (PBS) made from NaKPO 4 .
Immunolabeling. Sections were given three successive 2-min rinses in 0.01 M PBS with 0.2% Triton X-100 and then were exposed for 20 min to Tyramide Signal Amplification (TSA) Blocking Reagent (Perkin-Elmer). Immunofluorescence was performed with primary antibodies (Table S2 ) suspended in TSA Blocking Reagent for 48 h at 4°C on a shaker. Following primary incubation, sections were rinsed three times for 60 min in 0.01 M PBS with 0.2% Triton X-100 and were incubated in secondary antibodies suspended in TSA Blocking Reagent for 24 h at room temperature. For confocal microscopy, Alexa Fluor secondary antibodies (Thermo Fisher Scientific) were used (Table S3 ). Following secondary incubation, sections were rinsed three times for 60 min in 0.1 M PBS. For confocal microscopy, sections were mounted on subbed glass slides and were coverslipped using ProLong Antifade Reagent (Thermo Fisher Scientific). Whole-section montages of high-magnification images were collected using a Zeiss LSM 510 Confocal Microscope with ZEN imaging software. Images were processed and analyzed with Fiji software (57) .
For immunohistochemistry to detect retrograde infection with AAV9 harboring a CAG-Flex-GCaMP6m construct, tissue sections were prepared as described above. Sections were incubated with primary antibody against GFP, followed by a biotinylated goat anti-rabbit secondary antibody (Tables S2  and S3 ). Immunoreactivity was amplified and detected by the Vectastain Peroxidase ABC System (Vector Laboratories). Sections were mounted and coverslipped with Eukitt (Electron Microscopy Sciences). Images were acquired on a Leica stereomicroscope.
ProExM. Antibody-labeled tissue slices were incubated in anchoring solution overnight at room temperature. Acryloyl-X, SE [6-((acryloyl)amino)hexanoic acid, succinimidyl ester, Thermo-Fisher Scientific A20770, here abbreviated "AcX"] was resuspended in anhydrous DMSO at a concentration of 10 mg/mL, aliquoted, and stored frozen in a desiccated environment. AcX prepared this way can be stored for up to 2 mo. Aliquots were thawed and diluted to 0.1 mg/mL AcX in 0.01 M PBS to produce anchoring solution for each use.
AcX-treated sections were gelled, digested, and expanded as described previously (7). Monomer solution [0.01 M PBS, 2 M NaCl, 8.625% (wt/wt) sodium acrylate, 2.5% (wt/wt) acrylamide, 0.15% (wt/wt) N,N′-methylenebisacrylamide] was mixed, frozen in aliquots, and thawed before use. Monomer solution was cooled to 4°C before use. The radical inhibitor 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO) was added up to 0.01% (wt/wt) from a 0.5% (wt/wt) aqueous stock to inhibit gelation during diffusion of the monomer solution into tissue sections. Concentrated aqueous stocks (10% wt/wt) of tetramethylethylenediamine (TEMED) accelerator and ammonium persulfate (APS) radical initiator were added to the monomer solution up to 0.2% (wt/wt) each. Tissue sections were incubated with the monomer solution plus 4-hydroxy-TEMPO/TEMED/APS at 4°C for 25 min and then were transferred to gelation chambers and, within 30 min after the addition of APS to the monomer solution, were placed in a humidified 37°C incubator for 2 h for gelation.
Proteinase K (New England Biolabs) was diluted 1:100 (eight units/mL) in digestion buffer [50 mM Tris (pH 8), 1 mM EDTA, 0.5% Triton X-100, 1 M NaCl]. Gels were fully immersed in this solution and then were incubated overnight at room temperature. Digested gels were next placed in excess volumes of doubly deionized water for 15 min to expand. This step was repeated three to five times in fresh water until the size of the expanding sample plateaued.
Postexpansion confocal imaging of cells and fibers was performed on an Andor spinning disk (CSU-X1 Yokogawa) confocal system with a 40× 1.15 NA water objective. To quantify the expansion factor, specimens were imaged pre-and postexpansion on a Nikon Ti-E epifluorescence microscope with a 4× 0.13 NA air objective. Glass-bottomed six-well plates were treated with 0.1 mg/mL poly-L-lysine for 5 min, washed in double deionized water for 5 min, and then dried to adhere gels for stable imaging. Gels were placed in treated wells, left for 5 min, and then were covered in water for imaging. Image stitching was done using the Grid/Collection stitching plugin in ImageJ (58) .
Stereotaxic Surgery and Virus Injections. Mice were anesthetized by injection of ketamine (120 mg/kg) and xylazine (16 mg/kg) in saline, and intrastriatal injections of virus (AAV9-CAG-Flex-GCaMP6m-WPRE.SV40 from The University of Pennsylvania vector core facility) were made with a NanoFil microsyringe (World Precision Instruments). Images shown are from the side of the 0.2-μL virus injections, but we note that retrograde labeling of dopamine-containing dendrons and posteroventral nigral cells was also observed on the contralateral side in which 0.1 μL of virus was injected. Bilateral injections were made in six mice at the following sites: anteroposterior (AP): +0.9, mediolateral (ML): ±1.8, dorsoventral (DV): −2.0 (DAT-Cre mouse no. 152 is shown in Fig. S8 A-F) ; AP: +0.9, ML: ±1.9, DV: −2.0 (DAT-Cre mouse no. 154 is shown in Fig. S8 G-L) ; AP: +0.9, ML: ±2.0, DV: −2.0 (DAT-Cre mouse no. 156 is shown in Fig. 4 and Fig. S8 M-R) . Three weeks after virus injection, mice were transcardially perfused for immunohistology.
